23 USA 24 † Present address, Regeneron Pharmaceutical, Inc. USA 25 26 Ric-8A is a cytosolic Guanine Nucleotide exchange Factor (GEF) that activates 27 heterotrimeric G protein alpha subunits (Gα) 1 . Ric-8A is essential to life in 28 multicellular eukaryotes by virtue of its chaperone activity that is required for Gα 29 biogenesis and membrane localization 2,3 . Ric-8A adopts an armadillo (ARM)/HEAT 30 repeat domain architecture and is structurally unrelated to G Protein-Coupled 31 Receptors (GPCR) 4 . Both GEF and chaperone activities are stimulated by Casein 32 Kinase II phosphorylation 5 . The mechanisms by which Ric-8A catalyzes GDP 33 release and GTP binding to Gα, or exerts chaperone activity are unknown. Here, 92 Table 2 ). Initial crystallographic phases were determined by molecular replacement 93 and subsequently used to fit the cryo-EM density map. Iterative cycles of model-building 94 and refinement utilized both cryo-EM and X-ray diffraction data to generate the final 95 models (Extended Data Table S1 and S2). In the following discussion, we use 96 prefixes "r" and "g" for residue and secondary structure identifiers of Ric-8A and Gα, 97 respectively. ARM/HEAT repeat helices of Ric-8A are designated according to their 98 position in the repeat: "A", "B" or "C" for ARM repeats or "a" and "b" for HEAT repeats, 99 followed by the sequence number of the repeat (1 through 9). We use the established 100 nomenclature for Gα secondary structure [21][22][23] . Descriptions of the crystal structure of 101 Ric-8A:Gα refer to chains A and B, the better ordered of the two complexes in the 102 asymmetric unit.
Ric-8 αb9 occupies the site of gα5 in GDP-bound Gα, and consequently gα5 is ejected 146 from the concave surface of the Gα β-sheet ( Fig. 3a) . Ric-8A residues rY412, rA415, 147 rA416 and rL418 in rαb9 substitute for nonpolar residues of gα5 to stabilize the 148 hydrophobic surface of the Gα β-sheet core. These residues are conserved in both A 149 and B isoforms of vertebrate Fig. 9a ) and form Van der Waals 150 interactions with residues in gβ4-gβ6 that are conserved in both Gαi and Gαs families 151 (Extended Data Fig. 9b ). The rW415A mutation severely impairs GEF activity (Fig. 4) ,
152
although the Y412A mutation does not. At the same interface, steric interactions with 153 rαa9 lever the antiparallel gβ2-gβ3 hairpin away from the GTPase core ( Fig. 3a) , thereby 154 destabilizing and partially disordering gα1. This, as described below, triggers separation 155 of the Helical and GTPase domains of Gα.
156
The ~90° rotation of α5 away from the GTPase domain core (Fig. 3a) reconfigures nucleotide-bound Gα 25 . Most of the Ric-8A residues that contact gα5 are conserved in 170 Ric-8B (Extended Data Fig. 9a ), whereas several of the Ric-8A-contacting residues in 171 gα5 are not conserved among Gα classes (Extended Data Fig. 9b ). 
172

178
Ric-8A phosphorylation acts as an entropic clamp to promote GEF activity. The Ric-
179
8A αb9 and RT segments that interact with the Gα β-sheet are connected by an 180 intrinsically disordered sequence, r430-r450 4 followed by rα10. The segment from r430-181 r440 is rich in acidic amino acids, and binds within a basic groove formed by rαA8 (r344-182 r358) and rαa9 (r401-r410) ( Fig. 2b) . Phosphorylated rpS435 and rpT440, which are 183 well-ordered (Extended Data Fig. 8i-l) and form multiple ion-pair interactions with 184 conserved lysine and arginine side chains in the Ric-8A electropositive groove, help to 185 immobilize the r430-450 connector and consequently stabilize rαb9 and rRT that interact 186 with gβ4-gβ6. Accordingly, we found earlier that chargeàneutral mutations of rR345Q 187 and rK349A, which interact with rpS435 and adjacent acidic residues, reduce both basal 188 and phosphorylation-stimulated GEF activity of Ric-8A 4 .
189
Ric-8A helix α11 (r471-r491), which is preceded by an elongated peptide (r458-r470) 190 that forms an extended arch over the α3-β5 loop of Gα, packs between Gα Switch II and gα3 ( Fig. 2c, and Extended Data Fig 8c-f) . In the GTP-bound state of Gα, these 192 two elements form the Gα effector protein binding site 26 . rα11 occupies the position of
193
Switch II in the G protein heterotrimer 27 , and also in Gαi1 bound to GTP analogs 25 and in 194 the Gαi1•GDP•Pi product complex 28 (Fig. 3c) . However, Switch II is disordered in 195 Gαi1•GDP and probably also in nucleotide-free Gα 22 . Ric-8A interactions with switch II 196 are functionally important, since mutations of two Gα-contacting residues in rα11, rE478 197 and L482, which are conserved in both Ric-8A isoforms, impair GEF activity ( Fig. 4) .
198
The conformations of Switch II observed in the X-ray and cryo-EM structures differ from 199 each other, and from those adopted in nucleotide-bound Gα 26 (Extended Data Fig.   200 8e,f). Remodeling of Switch II may be facilitated by Ric-8A-induced displacement of β2-201 β3 ( Fig. 3a) described above.
202
Displacement of gα5 and reorientation of gβ2-gβ3 eliminates a nexus of stabilizing
203
interactions with the C-terminal residues of gα1, which become disordered (Fig 3a. ). As 204 a consequence, contacts between the GTPase and helical domains of Gα are disrupted.
205
As observed in the cryo-EM structure, the helical domain undergoes a clockwise rotation 206 of ~60° around an axis roughly aligned with αD of the Gα helical domain ( Fig. 3d) Fig. 7) . The coupled interactions between Ric-8A and Gαi1, described above, induce profound conformational changes that dismantle the Gα 215 guanine nucleotide-binding site ( Fig. 3b and Extended Data Video 2).
216
The basis for the Gα class selectivity of Ric-8 isoforms is not readily apparent.
217
The great majority of residues at the Gα contact residues are conserved in Ric-8A and
218
Ric-8B (Extended Data Fig 9a) . Gα residues that interact with rαB9 and rRT are 219 conserved in the Gαi and Gαs classes. However, several residues in gα5 differ between 220 Gαs and Gαi classes (Extended Data Fig. 9b) , and, as suggested 18 , the latter may 221 engage in more productive interactions with Ric-8A than their Gαs counterparts.
222
The structure of the complex suggests elements of 
237
GTPase domain also underlie its GEF activity.
238
The extensive interface between Ric-8A and Gα prompts the question how the two 239 proteins are able to dissociate upon binding of GTP to Gα, a process that is kinetically 240 facile in comparison to the overall exchange reaction ( Fig. 5a and Extended Data Fig.   241 2). Although displaced slightly by steric conflict with rα11 ( Fig. 3b) , the conformation of 242 the P-loop is largely retained in the nucleotide-free Gα bound to Ric-8A ( Fig. 5b) , thus 243 providing a preformed platform for subsequent binding of GTP. Electrostatic repulsion 244 between the C-terminus of r11 and the γ-phosphate of GTP as modeled in Fig. 5b 
383
Of the set of 27 nanobodies discovered in screening that show strong expression, 384 twenty were capable of binding to either free Ric-8A or to Ric-8A in complex with Gαi1 385 but not to Gαi1, three bound exclusively to the Ric-8A:Gαi1 complex and three bound to 
447
Expression, purification and phosphorylation proceeded as described above. 
553
Meanwhile, ~ 20,000 particle images were selected to build an initial model using the 
